[1] Submesoscale activity over the Argentinian shelf is investigated by means of high resolution primitive equation numerical solutions. These reveal energetic turbulent activity (visually similar to the one occasionally seen in satellite images) at scales O(5 km) in fall and winter that is linked to mixed layer baroclinic instability. The air-sea heat flux responsible for (i) deepening the upper ocean boundary layer (at these seasons) and (ii) maintaining a cross-shelf background density gradient is the key environmental parameter controlling submesoscale activity. Implications of submesoscale turbulence are investigated. Its mixing efficiency estimated by computing a diffusivity coefficient is above 30 m 2 s À1 away from the shallowest regions. Aggregation of surface buoyant material by submesoscale currents occurs within hours and is presumably important to the ecosystem. Citation: Capet, X., E. J. Campos, and A. M.
Introduction
[2] There is now ample evidence, both observational [Munk et al., 2000] and numerical [Capet et al., 2008] , that submesoscale activity is widespread in the upper ocean. In terms of phenomenology a so-called mixed layer baroclinic instability (MLI) [Boccaletti et al., 2007] is presumed to underly the wavy patterns visible at fronts in satellite imagery and high-resolution simulations. MLI is a variant of the geostrophic Eady mode for a weakly stratified and large shear environment, i.e., it is modified by ageostrophic effects, albeit not dramatically [Nakamura, 1988] . Despite recent progress [Fox-Kemper et al., 2008; Capet et al., 2008; Lévy et al., 2001] , the effect of MLI, and submesoscale activity in general, on the ocean functioning is not fully understood. Here we draw attention on submesoscaleinduced lateral dispersion. This aspect has been overlooked so far under the premise that mesoscale activity dominates horizontal turbulent exchanges of properties [Fox-Kemper et al., 2008] . This may not be true over continental shelves where mesoscale turbulence is absent. There, tracer lateral fluxes and horizontal convergences due to submesocale activity become important as we show for the Argentinian shelf (AS).
[3] The AS is characterized by the presence of several water masses with widely different properties whose exchange and mixing modulates a highly productive ecosystem. Schematically, cross-shore density contrasts exist year round between warm and nutrient rich nearshore waters, cool and nutrient poor central shelf water, and cold and nutrient rich slope waters supplied by the Malvinas current. The Ekman drift associated with the dominant westerlies drives a circulation that is equatorward over most of the shelf (with a few local recirculations within and near embayments and topographic irregularities [Palma et al., 2004] ). In turn this helps maintain tracer gradients oriented in the cross-shore direction. Strong tidal currents are confined to the inner shelf (a few tens of kilometers wide) where they maintain the water column fully mixed all year. Over the remainder of the shelf stratification exhibits a marked seasonal cycle, from strongly stratified in summer to entirely mixed from late fall to early spring [Carreto et al., 1995] .
[4] The aim of this study is to show that, in 3D primitive equation simulations run with idealized forcings (presented and evaluated in Section 2), the combination of persistent cross-shelf density gradients and weak (or absent) stratification prevalent in fall/winter leads to intense submesoscale activity (Section 3) that strongly influences lateral dispersion (Section 4).
Numerical Framework
[5] We make use of a suite of three ROMS (Regional Ocean Modeling System) [Shchepetkin and McWilliams, 2005] nested configurations (Figure 1 ) that were ran asynchronously: SWA10 encompassing the southwest Atlantic at horizontal resolution Dx = 10 km; BMC2, centered on the Brazil-Malvinas Confluence at D x = 2 km; AS04, restricted to the northern AS with Dx = 0.4 km. Boundary conditions are applied as described by Marchesiello et al. [2001] . The sigma-level vertical grid system (40 levels for SWA10 and BMC2, 24 levels for AS04) concentrates resolution toward the upper ocean (stretching parameters are q b = 0 and q s = 6; minimum water depth is h c = 30 m for SWA10/ BMC2 or h c = 10 m for AS04). Air-sea forcings were derived from monthly climatologies: QuikSCAT for wind stress; heat/salt fluxes from 1 o COADS with a restoring toward Pathfinder SST and Levitus SSS. Bathymetries were interpolated from ETOPO2 and smoothed to respect the grid dependant condition Dh/h < 0.20 [Beckman and Haidvogel, 1993] .
[6] SWA10 was run for 10 years with a climatology derived from the SODA1.4.3 reanalysis [Carton and Giese, 2008] at the boundaries. The SWA10 climatology for years 4 to 10 (discarding 3 years of spin up) compares favorably with observations in terms of Malvinas current and Brazil current transport, location of the Brazil-Malvinas confluence, and eddy kinetic energy. BMC2 was run from Jan 15th of year 4 to Sep 15th of year 5, with initial and boundary conditions from SWA10. An adjustment to resolution occurred during the first month that was discarded. There are no qualitative discrepancies between BMC2 GEOPHYSICAL RESEARCH LETTERS, VOL. 35, L15605, doi:10.1029 /2008GL034736, 2008 Click Here for Full Article ( Figure 2 ) and observations [Carreto et al., 1995] in terms of stratification for the mid-shelf region on which we focus. (Tides being omitted, the model inner shelf restratifies in summer in disagreement with observations). Model and observed AS circulation are also in good agreement (not shown). AS04 was run with initial and boundary conditions from BMC2 between Feb 15th and Sep 15th of year 4 (the time of year when submesoscale activity is most prominent, Section 3).
[7] To quantify the role of the submesoscale turbulence we perform Reynolds decompositions of any BMC2 variable x: x = hxi +x. hÁi is constructed to filter out submesoscale by combining (6 days) temporal averaging and horizontal smoothing (8 passes of five points averaging operator), following Capet et al. [2008] . Seasonal averaging is denoted by hÁi s . Two-and three-dimensional averaging are denoted by __ Á x,y and __ Á x,y,z respectively.
Submesoscale Activity
[8] In fall and winter BMC2/AS04 tracer fields (Figure 3a) exhibit signs of intense turbulent activity at scale O(5 km), not seen in SWA10. (In addition AS04 exhibits numerous submesoscale eddies with radii of a few kilometers -see Section 4). In fall the water column is still (weakly) stratified and the flow energization around such length scale (confirmed by spectral analysis, see Figure 4a ) is compatible with shelf deformation radii as we have verified. During winter the mixed layer reaches the ocean bottom and is often unstably stratified. Then, vertical shear alone may set the preferential scale as is the case in the linear solutions of Nakamura [1988] . Note that visual and spectral (Figure 4a ) similarities between BMC2 and AS04 turbulence preclude that resolution be responsible for the length scale selection.
[9] Submesoscale activity occurs in conditions consistent with Boccaletti et al. [2007] and Fox-Kemper et al. [2008] , i.e., a combination of large scale (i.e., surviving a low-pass) horizontal density gradients and deep boundary layer depth. Precisely, time variations of the submesoscale vertical buoyancy fluxwb in the boundary layer (a good index of submesoscale activity) [Capet et al., 2008] in accordance with scaling arguments on potential energy release by MLI [Fox-Kemper et al., 2008] . This is shown in Figure 4b for a particular shelf subregion of BMC2. The period most favorable to MLI development is thus late fall, when boundary layer depths are close to maximum and airsea fluxes have not overly eroded cross-shelf density gradients (Figure 2 ). Conversely, BMC2 and AS04 are MLI free in spring and summer, with much lower kinetic energy at submesoscale (Figure 4a ). The constant of proportionality in equation (1) is in the range 0.15-0.25 during fall and winter, i.e. 2 to 3 times larger than found by Fox-Kemper et al. [2008] . This range is somewhat sensitive to the details of the low-pass filtering. For example, replacing hbi in equation (1) by 5-day average BRC3 buoyancy fields shifts the range toward smaller values (0.1 -0.18).
[10] In the real ocean existence of submesoscale activity is supported by satellite imagery. For the AS clear sky SEAWIFS images often exhibit chlorophyll patterns reminiscent of MLI-dominated turbulence (Figure 3c ). Because of weather variability (absent in our solutions) submesoscale may appear as short-lived outbreaks and not be restricted to fall/winter. In fact, Figure 3c is for Nov 28th, i.e., spring, with NCEP reanalysis and QuikSCAT data indicating a period of strong southerly wind and diminished air-sea fluxes on Nov 25-26th.
Dynamical Implication
[11] In fall/winter energetic submesoscale turbulence should lead to enhanced lateral dispersion, that can be quantified by computing an effective diffusivity for BMC2:
k s , the (year 4 and 5) fall/winter averaged k s exhibits values above 30 m 2 s À1 over most of the central AS with peaks around 100 m 2 s À1 (Figure 3b) . k s spatial variability is noticeable and is tightly related to bathymetry changes. In particular shallow area (typically <50 m) where friction strongly controls the flow have relatively low k s values. Replacing hÁi s by hÁi in equation (2), i.e., considering the submesoscale diffusion undergone by the total nonsubmesoscale tracer fields yields only a moderate increase ($30%) of the diffusivity values, consistent with the weak level of variability at scales between seasonal and submesoscale. Also note that submesoscale tracer flux divergence not represented by diffusion were estimated and found negligible.
[12] One can make several remarks about the significance of submesoscale lateral dispersion. k s values are small in regard to open ocean diffusivities (%1000 m 2 s
À1
, primarily due to mesoscale activity) but they are large compared to typical shelf values, 10 m 2 s À1 or less [Sundermeyer and Ledwell, 2001] . The alongshore-(from 43 to 39°S) and depth-averaged heat balance for fall is primarily between time tendency and air-sea flux with submesoscale lateral fluxes playing a negligible role. For salt the three terms are of comparable magnitude in the balance; fall time tendency associated with lateral submesoscale fluxes would yield a 20% reduction of the mid-shelf salinity gradient ($0.1 psu over 100 km). ,wb x;y;z and j r h b h ij x;y;z Â h bl h i
x;y 2 . Variables are averaged over the region delimited by the white rectangle in Figure 3a and over the extent of the boundary layer (when three-dimensional). They are also normalized by their maximum value.
[13] Submesoscale-induced stirring/mixing may be most important for biogeochemical tracers (that lack a strong airsea flux forcing term) and also for marine life that is often sensitive to more subtle dispersive effects. In particular, submesoscale near-surface currents are very effective at concentrating buoyant organisms (or debris) through horizontal convergences. To demonstrate this, one particle is released at every grid node within the central region of AS04 on June 1 of year 4 (70000 particles). Trajectories are computed online as by Capet et al. [2004] except that, here, particles are constrained to remain at 5 m depth. 12 hours suffice to develop a highly heterogeneous particle distribution (Figure 5a ) with 75% empty cells and accumulation in cold-core eddies, filaments and, generally, on the dense side of fronts, i.e., in regions with negative (cyclonic) vorticity. This is evident from vorticity pdf at drifter location ( Figure 5b ) and consistent with expected ageostrophic circulations in frontogenetic conditions [Hoskins and Bretherton, 1972] . In the vicinity of several eddies (e.g., that in the upper left corner of Figure 5a ) the drifter distribution produces patterns reminiscent of spiral eddy streak lines [Munk et al., 2000] whose generation has been linked to frontal baroclinic instability [Eldevik and Dysthe, 2002] .
Conclusions
[14] Mesoscale-resolving simulations for the Argentinian shelf run with climatological forcings exhibit limited variability below seasonal time scales. In contrast solutions at resolution O(1 km) reveal, in fall and winter, ubiquitous submesoscale turbulent activity arising from a mixed-layer instability whose growth is favored by environmental conditions at these seasons (deep surface boundary layer and cross-shelf density gradient). These findings are probably relevant to other mid-latitude shelves, such as the Middle Atlantic Bight, for which AVHRR image processing reveals enhanced frontal activity in winter [Ullman and Cornillon, 1999] . Submesoscale turbulence yields horizontal diffusivities in the range 30-100 m 2 s À1 that are large compared to typical estimates for continental shelves. In addition to contributing to tracer redistribution (mainly salt over the Argentinian shelf) lateral dispersion by the submesoscale may have profound effects on marine ecosystems' functioning. A Lagrangian experiment demonstrates the effectiveness of submesoscale flows at concentrating buoyant organisms about fronts and eddies. The process is so rapid that it is likely to also aggregate organisms with partial buoyancy (e.g., some phytoplanktons), and may explain some aspects of life distribution patchiness on scale $1 -10 km. Expanding upon conceptual models of biophysical interactions in idealized frontal situations [Olson, 2002; Spall and Richards, 2000; Lévy et al., 2001 ] to account for submesoscale-rich environments should be a subject of interest for upcoming studies. ) at drifter location every 12 hours from release time. The initial pdf (1 June) is also that of the eulerian field. It is skewed toward anticyclonic vorticity that occupies most of the inter-fronts areas.
